Current therapies for chronic pain can have insufficient efficacy and lead to side effects, necessitating research of novel targets against pain. Although originally identified as an oncogene, Tropomyosinrelated kinase A (TrkA) is linked to pain and elevated levels of NGF (the ligand for TrkA) are associated with chronic pain. Antibodies that block TrkA interaction with its ligand, NGF, are in clinical trials for pain relief. Here, we describe the identification of TrkA-specific inhibitors and the structural basis for their selectivity over other Trk family kinases. The X-ray structures reveal a binding site outside the kinase active site that uses residues from the kinase domain and the juxtamembrane region. Three modes of binding with the juxtamembrane region are characterized through a series of ligand-bound complexes. The structures indicate a critical pharmacophore on the compounds that leads to the distinct binding modes. The mode of interaction can allow TrkA selectivity over TrkB and TrkC or promiscuous, pan-Trk inhibition. This finding highlights the difficulty in characterizing the structure-activity relationship of a chemical series in the absence of structural information because of substantial differences in the interacting residues. These structures illustrate the flexibility of binding to sequences outside of-but adjacent to-the kinase domain of TrkA. This knowledge allows development of compounds with specificity for TrkA or the family of Trk proteins.
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TrkA | kinase | pain | inhibition | selectivity T he current standards of care for chronic pain include the nonsteroidal anti-inflammatory drugs, Gabapentinoids, serotoninnorepinephrine reuptake inhibitors, and opioids. However, patients often report inadequate pain relief, inability to tolerate side effects, and in the case of opiates have other risks associated with diversion and drug abuse (1, 2) . As a result, it is critical to find alternative targets to treat pain, such as the signaling cascade mediated by the receptor tyrosine kinase, Tropomyosin-related kinase A (TrkA) (3) (4) (5) .
In addition to its role in pain signaling, chromosomal rearrangement of Trk receptors have been found in tumors of multiple cancers (6, 7) . Development of inhibitors against TrkA could play a role in pain relief and oncology.
TrkA is a member of a family of type I transmembrane receptors (8, 9) . This family also includes TrkB and TrkC, all of which bind to neurotrophins (10) . Although originally identified as a proto-oncogene, TrkA was determined to be the primary receptor for NGF (11, 12) . TrkA is critical for the development of neurons, including those involved in pain signaling, and mutations of TrkA have been found to be the bases for the genetic disorder, congenital insensitivity to pain with anhydrosis (13) . It has been found that administration of NGF to patients causes pain and that neutralization of NGF blocks chronic pain (14, 15) .
There are 518 kinases in the human genome and kinases have proven to be a fruitful target for small-molecule drugs (16) . Numerous structures have been determined for kinases bound to inhibitors. From these, inhibitors have been classified as different types, depending on their interactions with the kinase domain (17) . Inhibitors that bind to the active site (type I) make interactions with the conserved backbone atoms of the kinase hinge, thus making it difficult to gain selectivity over other kinases unless interactions are achieved with less-conserved regions of the active site. To improve selectivity, inhibitors have been designed to bind in the active site but extend to less-conserved residues outside the Significance Signal transduction through Tropomyosin-related kinase A (TrkA), a receptor tyrosine kinase, is a target for inhibition of chronic pain and could lead to a new class of drugs against pain. Selectivity against kinases can be difficult to achieve, especially against members of the same kinase family. Structures of the compounds bound to TrkA show a binding site comprised of the kinase, which is conserved among the Trk family, and the juxtamembrane (JM), which is not well conserved. Depending on their chemical substructure, the region of the juxtamembrane that interacts with the compounds can be different, leading to differences in specificity. This study emphasizes the importance of including residues beyond the catalytic domain for small-molecule screening, importance of screening by affinity, and structural characterization to understand binding interactions.
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active site (known as type II inhibitors). Alternatively, inhibitors have been found to bind the kinase outside the active site (type III) or with other domains of the protein (type IV).
The intracellular portion of Trk proteins are largely comprised of the kinase domain (8, 9) . In TrkA, between the transmembrane region and the kinase domain, there are ∼60 residues that are not homologous to other proteins and lack predicted secondary structure. At the C-terminal end of this juxtamembrane (JM) region is the NPXY motif, which upon phosphorylation of Tyr-496, forms the binding site for the phosphotyrosine binding domain of the adaptor protein, Shc (18) . Following the kinase domain is a short stretch of ∼10 residues that contain the YXXL motif, which binds to the SH2 domain of PLCγ1, upon phosphorylation of Tyr-791 (19, 20) . Signaling downstream of TrkA has been well established to lead to differentiation and proliferation of neuronal cells. Possibly less studied are the signaling events that lead to potentiation of a pain response through increased expression of nociceptors, like TrpV1, on the cell surface and release of pain-signaling peptides, like substance P and CGRP (21) . However, clinical proof-ofconcept studies with the antibody Tanezumab, which binds to NGF and prohibits activation of TrkA, have demonstrated positive results for relief of osteoarthritis pain, chronic lower back pain, diabetic peripheral neuropathic pain, and cancer pain (22, 23) .
Structures of the isolated TrkA kinase domain have been published by us and others (5, (24) (25) (26) (27) . Compounds found to inhibit TrkA have all bound to the kinase active site. Although selectivity can be achieved for the Trk family of kinases by developing type II kinase inhibitors that reach into the back pocket behind the active site, selectivity of these type I and type II active site inhibitors have not been achieved for TrkA over the other Trk family members.
Here, we describe the identification of nonactive site compounds that bind to TrkA, which demonstrate TrkA selectivity over TrkB and TrkC in biochemical and cellular assays. Structures of the compounds bound to TrkA show a binding site comprised of the kinase, which is conserved among the Trk family, and the JM, which is not well conserved. Depending on their chemical substructure, the region of the JM that interacts with the compounds can be different, leading to differences in specificity.
Results
Hits and Generating the Constructs. As a potential target for pain and oncology, we and others have identified small-molecule inhibitors that target the kinase active site of TrkA (5, (24) (25) (26) (27) . Although potent molecules have been identified that are highly selective for the Trk kinases, the compounds inhibited TrkB and TrkC with comparable potencies to TrkA. This finding is not surprising, as the active sites of the Trk family of kinases are highly conserved. Type 2 inhibitors, which interact with the deep pocket behind the DFG motif, were equally unable to achieve TrkA selectivity (27) . A new screening campaign was initiated, searching for binding to the entire intracellular region using the affinity ligand identification system (ALIS), an affinity selectionmass spectrometry technique (28) . Many hits were identified as active site binders and triaged based on cell-based kinase activity against the Trk kinases. Three hits were discovered that appeared to have selectivity for TrkA over TrkC in cell-based assays (Fig.  1A) . Additionally, compounds 1 and 2 were profiled in an in vitro kinase panel (Invitrogen's SelectScreen) against 93 kinases, which includes Trks A, B, and C. The only kinase that showed inhibition was TrkA. See Fig. S1 for an illustration of percent inhibition across the panel of kinases. Because the screen is performed at 10-μM compound concentrations, compound 3 was not tested in the kinome screen because the potency was not high enough to accurately determine selectivity.
Crystallization using the kinase domain of TrkA failed to yield structures with these compounds. Despite experience determining structures of active-site inhibitors in the tens of micromolar range, these selective compounds were recalcitrant to structural determination. In comparison with the crystallographic system, the protein used for screening contained the complete intracellular region of TrkA. Based on sequence alignment between the Trk family members, the kinase domain is well conserved compared with the JM region (Fig. 1B) . Using residues 498-796 of TrkA as the kinase domain, we find that there is 75% identity between TrkA and TrkB and 72% identity between TrkA and TrkC. In contrast, for the JM region, using residues 440-497, there is 36% identity between TrkA and TrkB and 40% identity between TrkA and TrkC. To interrogate the need for a longer construct, the compounds were tested by surface plasmon resonance (SPR) for binding to the full intracellular region and a more compact kinase domain. Although there was some low-level binding of compound 1 and to a lesser extent, compounds 2 and 3, all three compounds demonstrated improved binding to the construct that contained the JM region in addition to the kinase domain (Fig. 1C) .
Despite knowing that the entire intracellular region could bind the compounds, we wanted to identify a more compact construct that would be amenable to structural studies; thus, a more detailed analysis of the protein was required. A number of constructs had been generated that span the 60 residues between the transmembrane helices and the kinase domain (Fig. 1B) . Construct 1 spans the entire intracellular portion of TrkA. Truncations were chosen so the starting residues are small to allow removal of the nonnative, initiating methionine during processing. To identify a minimal domain that could be used for crystallography, while minimizing disordered regions that could interfere with crystallization, these constructs were individually expressed and tested biochemically. A Lanthascreen assay was used to identify the minimal construct that could be inhibited by each compound (Fig. 1D) . Whereas compound 1 could inhibit all constructs longer than the isolated kinase domain, compound 2 showed an increased ability to inhibit construct 5 but not construct 6. Compound 3 was unable to inhibit construct 5 or shorter constructs but was capable of inhibiting construct 4 and all longer constructs. SPR analysis confirmed the results of the biochemical results that construct 4 could bind all three compounds. Construct 4, the shortest construct that could be inhibited by all three compounds, encompasses residues 474-796, the native carboxy-terminus of TrkA. Construct 4 will be referred to as JM-kinase hereafter.
The Structures of Compounds 1 and 2 in Mode 1. Compound 1 was the most potent compound identified in the ALIS screen. Compound 1 has an IC 50 in a cell-based assay of 99 nM. In contrast, compound 1 demonstrated no inhibition against TrkB or TrkC at the upper limits of the assay (mid-micromolar range) (Fig. 2B) . To determine the role the JM region in conveying efficacy of these inhibitors, we sought to determine the structures of the JM-kinase with the three inhibitors. Compound 1 was cocrystallized with the JM-kinase, revealing a binding mechanism on the surface of the kinase ( Fig. 2A) . (See Table S1 for crystallographic statistics of the compounds described herein.) The inhibitor (shown as sticks with carbons in blue in Fig. 2A ) sits behind the DFG motif (sticks with carbons in magenta in Fig. 2A ) on the side opposite the kinase active site. The DFG motif is found in a DFG-out, inactive conformation, with Phe-669 pointed toward the active site. Asp-668, which would coordinate the phosphates on ATP in the kinase reaction, points away from the active site in the structure.
The structure identifies key interactions between the inhibitor and JM-kinase. The central urea of compound 1 makes two hydrogen bonds of lengths 2.9 Å and 3.0 Å, with Asp-668 in the kinase domain (Fig. 2C) . Asp-668 is part of the DFG motif, and binding to compound 1 requires a DFG-out conformation. The position of Asp-668 is more similar to the conformation in the Apo structure (in gray in Fig. 2C ) than the inhibited DFG-out conformations (25) . The fluorene moiety of compound 1 occupies a relatively hydrophobic pocket formed by the kinase residues, Leu-564, Leu-567, Ile-572, Val-573, Phe-589, Leu-641, Phe-646, His-648, Ile-666, and Gly-667.
The structure reveals clear interactions contributed by the JM region. Ile-490, within the JM, sits on top of the fluorene moiety, providing more of the hydrophobic pocket created by the kinase domain. Relative to other TrkA kinase structures, there is a shift of Phe-646, which allows room to accommodate the fluorene of the compound in creating the pocket. The oxygen of the central urea in compound 1 forms a 2.8-Å hydrogen bond with the amide nitrogen of Ile-490. The phenyl moiety occupies a position between Lys-544 of the β3 strand and Glu-560 of helix c. The Apo TrkA structure is in an inactive conformation, and compound binding displaces the two. In active kinases, these residues are positioned to form a salt bridge and the phenyl could further contribute to blocking the salt bridge formation (Fig. 1D) . In the structure, only a portion of the JM is resolved in electron density. The most C-terminal residue of the JM resolved is Gln-495, which leaves a gap of four residues before the first residue of the kinase domain that is resolved. Gln-495 is part of the NPQY motif that forms the docking site for the Shc phosphotyrosine binding domain. The tyrosine that becomes phosphorylated is not resolved in this structure. On the amino terminal side, Gly-485 is the first residue resolved in the structure, leaving the first 11 residues on the JM-kinase construct disordered in the structure. The resolved portion of the JM does not appear to form any discernable secondary structure.
The second compound identified by the ALIS screen appeared to be less potent than compound 1. In cell-based assays, the IC 50 was in the low nanomolar range against TrkA; however, compound 2 did not appear to inhibit TrkB or TrkC at concentrations tested in assays (Fig. 3A) . The structure of compound 2 was found to bind with similar characteristics as compound 1 (Fig. 3B) . The indole thiophene occupies the pocket that the fluorene of compound 1 occupied. The central amide oxygen makes a hydrogen bond (3.0 Å) with the amide nitrogen of Ile-490, similar to the urea oxygen of compound 1. In place of the two hydrogen bonds made by each of the urea nitrogens in compound 1, the single amide nitrogen of compound 2 sits at a distance capable of binding either oxygen of Asp-668, 3.0 Å and 3.3 Å from each. Again, this interaction requires Asp-668 to be positioned in a DFG-out orientation. In both structures, a bulky aromatic group binds in a pocket adjacent to the kinase domain. When bound, a surface is created for Ile-490 to pack on top of the aromatic group and complete the hydrophobic pocket. We refer to this as "mode 1 binding."
The Structure of Compound 3 in Mode 2. Compound 3 was the weakest of the three, ALIS-identified inhibitors against TrkA. The cell-based IC 50 was micromolar; however, it appeared to have at least 10-fold selectivity for TrkA vs. Trks B and C (Fig.  4A) . The structure of compound 3 reveals binding to the same pocket, behind the DFG motif. The trifluorophenyl moiety sits in the pocket occupied by the fluorene of compound 1. The central amide nitrogen is positioned 3.2 Å and 3.3 Å from each of the carboxylate oxygens of Asp-668. When bound to compound 3, Phe-646 is not displaced from its Apo position as when bound to compounds 1 and 2 (Fig. 4C ). Despite this difference, the kinase site is overall quite similar between the three structures.
In contrast, the structure of the JM region is different in the compound 3 structure compared to those of compounds 1 and 2. Where Ile-490 packs above the aromatic rings in the first two structures, Leu-486 packs above the phenyl ring of the compound 3 structure. Mode 2 is distinguished from mode 1 (structure of compound 1 in gray for reference in Fig. 4C ) by Leu-486 packing to form the hydrophobic pocket. As shown in overlay between the structures of compound 1 and compound 3 in Fig. 4C , comparison between modes 1 and 2 may best be illustrated by the shift in position of His-489, which has an 8.5-Å cα displacement between the two modes. In mode 2, the JM adopts a distinct helical, secondary structure. In mode 1, Phe-646 was displaced by the bulky moiety in the hydrophobic pocket but in mode 2, the smaller moiety accommodates Phe-646 in a position closer to its position in the Apo structure. The JM region that is resolved in the structure spans Ser-484 to Asn-493, slightly offset from those resolved in mode 1. This observation supports the biochemical data demonstrating the dependence of compound 3 on the longer construct.
The Structure of a Non-TrkA Selective Compound in Mode 3. With knowledge of the binding modes of the TrkA-selective compounds, it became apparent that other compounds had been identified by ALIS screening containing similar structures to these. Originally, the compounds were set aside because they did not exhibit TrkA selectivity. One such nonselective hit, compound 4, displayed submicromolar inhibition but comparable inhibition against both TrkA and TrkC (Fig. 5A) . Compound 4 was cocrystallized with JM-kinase and, like the TrkA selective compounds, bound in a similar site behind the DFG motif (Fig.  5B) . Asp-668 makes a pair of hydrogen bonds (2.8 Å for each) with the two urea nitrogens of compound 4, similar to compound 1. However, where Ile-490 or Leu-486 pack above the aromatic rings in modes 1 and 2 respectively, Ser-475-and to a lesser extent Leu-476-occupy this region. This conformation became mode 3 binding.
The JM regions of TrkA and TrkC have low sequence identity, suggesting that addition of more nonconserved residues would lead to greater selectivity for TrkA; however, the compounds that bind to this region of the JM lose selectivity. From the structure, compound 4 interacts with residues 474-SSL-476 of the JM. As highlighted in red in the sequence alignment (Fig. 5C) , a similar SSS motif is present in TrkB and an identical SSL motif is present in TrkC. Because Ser-474 is the first residue of the JM-kinase construct, the exact contribution of residues amino terminal in the native sequence cannot be determined. In the expression of JMkinase, the initiating methionine is cleaved and the amino terminus is acetylated. The n-acetyl moiety is present in the structure, packing against the kinase. Although it is partially occluded by the JM, the position allows the backbone amine of Ser-474 to make a hydrogen bond to the urea oxygen of the compound. A bulky residue in place of the acetyl moiety would not likely be accommodated. In the native sequence, Gly-473 occupies a similar position. The comparable residue in TrkB and TrkC is proline. Binding Promiscuity of Similar Compounds. From the series of structures determined in the different binding modes, we began to anticipate the binding behaviors of compounds beyond the expected structure-activity relationships one would expect from a chemical series. This can be demonstrated by the series of related compounds shown in Fig. 6A . All four compounds share the methyl pyrimidine phenyl group connected by a central urea found in compound 1 (shaded in Fig. 6A) . By altering the group attached to the other side of the urea, the mode of interaction with the JM could be controlled. As shown above (Fig. 2C) , compound 1 binds in mode 1 with Ile-490 packing against the fluorene. Substitution of the fluorene to a naphthalene changes the binding to mode 2 (Fig.  6B, Top) , with Ile-486 packing against the naphthal moiety. Interactions with the kinase domain are similar but the JM interactions change. His-489 is shifted closer to the compound, as demonstrated previously by compound 3, another mode 2 binder. When a trifluoromethyl benzyl is used in compound 6, the compound binds as mode 3 (Fig. 6B, Middle) , with Ser-474 packing above the phenyl ring. Finally, if the pyridine is added, the compound binds to the active site (Fig. 6B, Bottom) , with the central urea interacting with the hinge region of the active site and the JM is disordered in the structure. Although all three compounds show some binding to the isolated kinase domain by SPR, only compound 7, which binds in the active site, appears to have comparable binding to the intracellular and isolated kinase constructs.
Discussion
With ∼58 identified receptor tyrosine kinases (16) , there is potential for obtaining selective inhibitors to other kinases with analogous JM interactions. Having a number of different assays aided the confidence to follow up on screening hits. Although the project was originally focused on active-site binders, alternative screening modalities were constantly used to identify new chemical matter. Robust cell-based assays against the different Trk kinases were needed to identify selective compounds.
Compounds with selectivity to TrkA, among the Trk family of kinases, are difficult to achieve with active-site inhibitors. The active site is well conserved among the Trk family. We have found compounds that bind outside the active site in an allosteric pocket on the distal side of the DFG motif. Despite binding to this region, interactions with the kinase domain are not unique to TrkA. Selectivity is achieved by interactions to residues of the less-conserved JM region, N terminal to the kinase. The structures described in this study illustrate three distinct modes of binding to compounds. This may appear as random ordering of the JM region; however, in determining structures in support of the project, binding appeared only in these three modes or in the active site. Additionally, when soaked into kinase crystals, most of these compounds did not bind in the absence of the JM. This observation raises the question of whether JM ordering may play a role physiologically.
JM regions have been modeled in the structures of other receptor tyrosine kinase structures. In the case of kinases such as EGFR, the JM plays a role in kinase transactivation by interacting with the carboxyl-terminal lobe of a donor kinase (29) . The JM can also play a role in autoinactivation through interactions with the kinase domain. In the case of the receptor tyrosine kinase FLT3 (Fms-like tyrosine kinase 3), the aspartate of the DFG loop can make an ionic interaction with the backbone within the JM, locking it in an inactivated, DFG-out conformation (30) . The TrkA binding site we demonstrate here, common to the three binding modes, also sequesters the aspartate in a DFG-out conformation; however, this sequestration is mediated through interactions with the inhibitor. In binding compounds, the JM becomes ordered and the characteristics of the inhibitor provide selectivity. We have observed that the JM does not appear to be ordered in the absence of compound binding. In other receptor tyrosine kinase structures, such as VEGFR, compounds have been involved in mediating the packing surface for the JM portion; however, these compounds all occupy space in the active site and could lead to some loss in selectivity (31) .
It should be noted that the compound binding site seen in TrkA can potentially be induced in other kinases. Movements in kinase residues, like Phe-646, appear only when a compound binds. Specifically, in cases such as FLT3 and VEGFR, the compound could displace the JM in the structure and form a new mode of interaction with the DFG motif aspartate. This understanding emphasizes the importance of testing different constructs when performing screens. We believe that this could be applicable to other receptor tyrosine kinases generally.
The mode of compound binding correlates with selectivity and is largely determined by interactions with the JM region. Mode 1 binders tend to be TrkA-selective, whereas mode three binders were nonselective. Mode 2 binders could be TrkAselective or -nonselective. In mode 1 binding, the Ile-490 of the JM region packs on the hydrophobic pocket and causes a significant shift in Phe-646. In the JM of TrkB and TrkC, the equivalent position appears to be a valine, which may not be sufficient to serve the same role. In mode 2 binding, Leu-486 packs on the hydrophobic pocket and Phe-646 is not significantly displaced relative to the Apo kinase structure. The comparable residue in TrkB and TrkC is again a valine, which may be able to partially substitute for the leucine of TrkA, necessitating cooperative interactions with other regions of the JM for selectivity.
The aim of the program is to design inhibitors of TrkA as a therapeutic for chronic pain; however, TrkA inhibitors could also be applicable for oncology. When considering TrkA as a target for cancer treatment, clinical data have emerged on resistance mutants from the pan-Trk inhibitor, Entrectinib. Russo et al. have recently identified two mutations arising from Entrectinib treatment in colorectal cancers, G595R and G667C (32) . G595 is in the active site and has the greater effect of the two mutations when tested individually. However, G595 is greater than 10 Å away from the binding site identified in this report and our inhibitors should not be affected by the mutation. G667C, however, could present resistance to our compounds because the side chain could partially occlude the hydrophobic pocket that our compounds use. Although Entrectinib still appears to have submicromolar IC 50 against this mutant, it could have a different and greater impact on our compounds. We would hypothesize that the mode 1 compounds would be more greatly affected by this mutation than the mode 2 compounds because of a bulkier moiety that binds to the hydrophobic pocket.
Using the Entrectinib:ALK structure (5FTO) as a model of active site inhibitors, we can also predict other residues that, when mutated, could affect our compounds within the new binding site (33) . We predict four residues-Phe-589, Gly-667, Asp-668, and Phe-669-by identifying residues within 5 Å of both Entrectinib and compound 1 in TrkA. Of these residues, Gly-667 was described above. Asp-668 is critical to kinase function and should not appear as a resistance mutant. Phe-669, part of the DFG motif, is pointed away from our binding pocket and mutations may be tolerated. Phe-589 is the gatekeeper residue of TrkA. Although Phe-589 is greater than 4 Å from compound 1 and does not currently make direct interactions, it should be tracked as compounds are built for greater potency.
To evaluate the ability of the compounds to block TrkA with mutations that occur in cancer cells, we used the data curated in the Catalogue of Somatic Mutations in Cancer (COSMIC) (34) . Of the 259 entries available at the time of evaluation, we focused on the 168 that were identified as missense substitutions and 1 in frame deletion. Of these 169 variants, we focused on the residues that contact the ligands from both modes 1 and 2 (Table S2) . Based on this analysis, mutations of His-489, Leu-641, and Ile-66 could impact compounds within the binding site; these should be tested as an oncology program progresses in the discovery stage. Depending on the selectivity profile required, TrkA or pan-Trk selectivity can be achieved with these compounds.
Methods
Protein Expression. Sequences of human TrkA were designed based on the sequence and numbering from Uniprot entry P04629. The carboxyl-terminal sequence, from residues 440-796, encode the entire cytoplasmic portion of the TrkA protein. Constructs were generated with amino termini starting from residues 440, 449, 461, 474, 481, 489, and 498, based on roughly even spacing and the type of residue that allow natural removal of the introduced initiating methionine. A carboxyl-terminal, 6-HIS tag was included in each construct. Proteins were expressed in Sf21 cells by baculoviral expression. Cells were pelleted by centrifugation and resuspended in lysis buffer containing 50 mM Hepes pH 7.0, 0.3N NaCl, 2 mM tris(2-carboxyethyl)phosphine (TCEP), 20 mM Imidazole, 0.3% β-octylglycoside, and 5% (vol/vol) glycerol at a ratio of 5 mL buffer per gram cell pellet. Benzonase was added at 25 U/mL and one Complete EDTA-free protease inhibitor tablet was added for each 50-mL buffer. Cells were homogenized by microfluidization and, after centrifugation, supernatant were loaded on a His Trap column. Following His purification, the protein was treated with λ-phosphatase to make a homogeneous, dephosphorylated sample. The protein was further purified by ion exchange on an SP HP column, followed by a Heparin HP column. The sample was concentrated and purified by size-exclusion chromatography (SEC) on a Superdex 75 16/60 column. The protein was concentrated to 10-12 mg/mL in a buffer containing 50 mM Mes pH 6.5, 5 mM TCEP, 150 mM NaCl, and 0.1% β-octylglycoside.
Crystallization. Protein was concentrated to a concentration of 10 mg/mL in a buffer containing 50 mM Mes buffer pH 6.5, 5 mM TCEP, 150 mM sodium chloride, 0.1% β-octylglycoside. Compound was added to the protein from a 10 mM dimethyl sulfoxide stock to a final concentration of 250 μM and incubated at 4°C for 1 h before crystallization.
Crystals were obtained by hanging-drop vapor diffusion over a reservoir solution containing 100 mM Mes buffer, 200 mM calcium chloride, and polyethylene glycol 3350 in using a range from 9 to 18%. To obtain crystals, streak seeding was usually performed after drops were allowed to equilibrate overnight. Crystals were harvested into a solution containing 100 mM Mes buffer, 200 mM calcium chloride, 15% (wt/vol) polyethylene glycol 3350, and 10% (vol/vol) ethylene glycol, and rapidly vitrified in liquid nitrogen.
Data were collected at the Advanced Photon Source on the Industrial Macromolecular Crystallography Associatio-Collaborative Access Team (IMCA-CAT; 17-ID) beamline. Data were processed and scaled with Global Phasing's autoproc, running XDS (35) . Phases were obtained by Fourier methods with other, in-house TrkA structures. Ligand dictionaries were generated using grade (36) and fit with Rhofit or Phenix ligandfit (37) . Models were built and refined iteratively using Coot (38) and Buster or Phenix refine (37, 39) . Images were rendered with Pymol (40).
Synthesis of Compounds.
The synthesis of the following compounds have been described in referenced patents: compound 1 (41), compound 2 (42), compound 4 (43), compound 5 (43), and compound 7 (43) . For compound 3, the starting material 2-(4-fluorophenyl)-6-methylpyridin-3-amine (39 mg, 0.193 mmol) was dissolved in dichloromethane (2 mL); to this was added triethylamine (58.5 mg, 0.579 mmol) and 2-fluoro-4-(trifluoromethyl)benzoyl chloride (87 mg, 0.386 mmol). The resulting mixture was stirred for 1 h then purified by reverse-phase HPLC to yield the product 2-fluoro-N-(2-(4-fluorophenyl)-6-methylpyridin-3-yl)-4-(trifluoromethyl)benzamide (65 mg, 0.166 mmol). MS: m/z = 393.0 (M +1). For compound 6, a solution of 2-methyl-4-phenylpyrimidin-5-amine hydrochloride (20 mg, 0.090 mmol), 1-(isocyanatomethyl)-2-(trifluoromethyl) benzene (27.2 mg, 0.135 mmol), and triethylamine (0.025 mL, 0.180 mmol) in dichloromethane (1 mL) was stirred at 50°C for 20 h. The dichloromethane was removed and the crude dissolved in N,N-dimethylformamide (1 mL). This material was purified by reverse-phase HPLC to yield the product 1-(2-methyl-4-phenylpyrimidin-5-yl)-3-(2-(trifluoromethyl)benzyl) (34.9 mg, 0.049 mmol). MS: m/z = 387.2 (M +1).
Lanthascreen. To test for in vitro inhibition of kinase activity, a Lanthascreen assay (ThermoFisher Scientific) was used. For the reaction, 2 nM of the Trk kinase protein, 0.1 μM substrate peptide, and 75 μM ATP incubated for 2 h at room temperature. The reaction was quenched with 10 mM EDTA and incubated with 2-nM detection antibody Eu-anti-PY20 for 1 h at room temperature. The FRET signal was read on an Envision system (PerkinElmer). IC 50 values were determined using a standard 4 parameter fit of the data.
Cell-Based PathHunter. For cell-based activity measurements, we used a PathHunter Enzyme Fragment Complementation assay (DiscoveRx). The assay uses cell lines with the full-length TrkA, TrkB, or TrkC receptors containing a C-terminal fusion of the ProLink peptide. The peptide complements the β-galactosidase enzyme which is introduced as a fusion with the SH2 domain of SHC1. Upon activation of TrkA on the Shc-binding site and recruitment of SH2-fused, inactive β-galactosidase enzyme, the β-galactosidase is complemented by the peptide on the Trk receptors, leading to activation of the enzyme and readout by chemiluminescence. NGF, BDNF, or NT3 were used to activate TrkA, TrkB, and TrkC, respectively.
Surface Plasmon Resonance. TrkA constructs containing the full intracellular region (containing residues 440-796 with a C-terminal 6-HIS tag) and the isolated kinase domain (containing residues 498-796 with a C-terminal 6-HIS tag) were captured on a CM5 sensor chip using amine coupling. Binding studies were conducted using a Biacore T-200 (GE Healthcare). Compounds were evaluated for binding to the proteins simultaneously and responses were normalized based on the highest response.
